ABSTRACT A wide-band metasurface inspired polarization reconfigurable antenna with a low profile and a simple DC controlling circuit is introduced and analyzed in this paper. The proposed antenna consists of three parts, i.e., a coplanar waveguide-fed slot coupling antenna with slot slanted angle of 40 degrees, a metasurface superstrate which is composed of a 3·4 array of metallic rectangular patches, and a simple DC bias controlling circuit including p-i-n diode switches, metallic vias, chip inductors, and bias lines. When all the p-i-n diode switches are in ON state, the antenna will work in linear polarization state and generates linear polarized (LP) wave, the measured operating band ranges from 5.2 to 6.2 GHz (17.5% -10 dB impedance bandwidth), while the measured average realized gain is 6.2 dBi. When all the PIN diode switches are in OFF state, the polarization state of the antenna will alter to left-handed circular polarization and produces left-handed circular polarized wave, the measured -10 dB impedance bandwidth and 3 dB axial ratio bandwidth are 20.7% (ranges from 5.2 to 6.4 GHz) and 15.1% (ranges from 5.5 to 6.4 GHz), respectively, while the average realized gain is 7.1 dBi. Measured results of the reflection coefficients, realized gains at broadside, axial ratio, and radiation patterns are in good agreement with numerical simulations, which verifies the effectiveness and correctness of the proposed design.
I. INTRODUCTION
It is a hot tendency to use multifunctional antennas with the development of wireless communication technology and increasing demand of wireless communication systems. Reconfigurable antennas (RAs) are one of the candidates for future advanced wireless or satellite communication applications, since the reconfigurability would make one single antenna equivalent to multiple antennas with different functionalities. In this way, the quantity of antennas applied in different application scenarios would be greatly reduced. Different kinds of RAs have been proposed and The associate editor coordinating the review of this manuscript and approving it for publication was Weiren Zhu. developed, and the reconfigurability can be achieved by either electronic [1] - [3] , [8] - [17] or mechanical reconfiguration [4] - [7] . Mostly, electronic elements such as PIN diodes [1] - [3] , [9] , [13] - [15] , RF MEMS switches [10] , varactors [11] , [12] , electric field tunable liquid crystals [16] , magnetic field tunable ferrites [17] , etc. could be utilized to change the resonant frequency or affect the polarization/radiation states of an antenna. Up to now, some antenna geometries have been utilized to design and realize polarization [1] - [9] , frequency [10] , [11] , [13] , [16] , [17] , pattern [14] , [15] , or hybrid reconfigurability [12] , respectively.
On the other hand, two-dimensional metamaterials, such as metasurfaces (MSs) [6] - [9] , [18] , [23] - [29] , frequency selective surfaces (FSSs) [5] , [14] , [15] , electromagnetic band gap (EBG) structures [12] , [22] , [30] , high impedance surfaces [13] and left-handed materials (LHM) [19] - [21] , are broadly defined as artificially homogeneous or inhomogeneous electromagnetic structures with unusual properties [30] , which were generally designed by arranging a quantity of small scatterers in a periodic or non-periodic array throughout a spatial area in order to achieve some desirable bulk electromagnetic behaviors [29] . With the advantages of low profile, low cost, wide bandwidth,and easy implementation, MS has been applied for novel antennas with improved performances in the past few years. Moreover, the potential applications of MSs in electromagnetic field can be ranged from microwave to optical frequencies [6] - [9] , [18] , [23] - [29] .
Based on our previous work [27] - [29] , a wide band metasurface-inspired polarization reconfigurable antenna with a low profile and a simple DC controlling circuit is introduced, analyzed and measured in this paper. There are mainly three parts composing the proposed antenna, that is, a 3·4 rectangular MS superstrate printed on a dielectric substrate, a slot coupling antenna with planar slanted slot embedded on the ground plane, and a simple DC bias controlling circuit which are used to control the polarization states between the linear polarization and circular polarization of the antenna electronically. Fig. 1 illustrates the three views of the proposed polarization reconfigurable MS superstrate antenna. It can be seen that there are three layers of the antenna: the top layer consists of 3·4 rectangular patches reconfigurable MS array, in which 11 nH chip inductors and SMP1322 PIN diode switches from Skyworks are mounted, the middle layer is a ground plane embedded by a slanted slot (θ = 40 deg), and the bottom layer is composed by a coplanar waveguide (CPW) feedline, DC bias lines and chip inductors of 11 nH. It should be mentioned that the CPW ground is connected with the slotted ground through two metallic vias, while the inductors are used to prevent the high-frequency current and avoid the interference between DC source and RF source, as well as for DC connecting between adjacent patches along x-direction. Half of the four metallic vias connect to the slotted ground plane, and then to the DC bias circuit ground with only one of via (''-'' in Fig. 1 ), while the other half pass through the holes in the slotted ground plane, and then connect to the positive pole of the DC bias circuit (''+'' in Fig. 1) . By controlling the PIN switches from the bottom in this way, the effect of the DC bias circuit on antenna performance would be minimized. Both substrates are fabricated utilizing F4B (ε r = 2.65, tanδ = 0.002). The proposed antenna is with a compact size of 40.8·30.4·4 mm 3 , and the design parameters are illustrated in Table 1 . By using Ansys HFSS simulation software, numerical analysis and optimization of the antenna are performed. Figures 2 and 3 show the surface current distributions of the proposed antenna at 5.5 GHz for switch ON and OFF states, respectively. When all PIN switches are at ON state, which is shown in Fig. 2 , the major current distribution is along x axial at any time phase, indicating that the polarization characteristic is the linear polarization (LP). When all PIN switches are at OFF state, the surface currentflows would turn in the clockwise direction at the azimuth angle, as illustrated in Fig. 3 . Hence the polarization characteristic is the left-handed circular polarization (LHCP) in +z direction.
II. RECONFIGURABLE ANTENNA DESIGN

III. ANALYSIS OF THE PROPOSED ANTENNA A. PARAMETRIC STUDY
As mentioned above, the antenna is derived from [21] , in which main parametric studies have been made. Nevertheless, there are some differences between these two works. Hence, it is necessary to investigate the effect of main parameters such as patch length l, patch width w, slot length ls, slot width ws, and slanted slot angle θ on the impedance bandwidth for both ON and OFF states, and AR at the broadside direction for OFF state. Note that when one parameter value is changed, such as when the slanted slot angle θ is altered from 40 deg to 44 deg, the values of the other parameters are kept unchanged as those in Table 1 . The results provide some useful guidelines for practical design.
The effect of the patch length l on impedance bandwidth, realized gain for both switch states and AR bandwidth for OFF state are shown in Fig. 4 . With l increased, the impedance match would deteriorate, while the gains for both switch states and AR for OFF state would turn good and the then bad. The optimal performance for both ON and OFF states can be achieved when l = 13 mm. Figs. 5 and 6 demonstrate the effect of the patch width w and the slanted slot angle θ on the impedance bandwidth and AR bandwidth. The optimal performance can be obtained when w = 7 mm and θ = 40 deg. 
B. OPERATION PRINCIPLE OF THE ANTENNA
We directly analyze the magnitude ratios and phase differences between the radiated electric fields of two orthogonal components (Ex and Ey) in the far-field broadside (+z) direction for both ON and OFF states. The quantitative analyses can be obtained, as illustrated in Fig. 7 , which can accurately explain and predict the performance for both states of the proposed antenna. It can be seen that when all PIN switches are ON, the antenna generates LP wave since the magnitude ratio (|Ex|/|Ey|) well beyond ±3 dB. When all PIN switches are OFF, the magnitude ratio (|Ex|/|Ey|) is between ±3 dB, and the phase differences (φ x -φ y ) is about -90 deg from approximately 5.4 to 6.5 GHz, thus the radiated field of the antenna can be the circular polarized wave, which is just LHCP due to the phase of Ex lagging phase of Ey about 90 deg. 
IV. MEASURED AND SIMULATED RESULTS
The proposed antenna is fabricated (see Fig. 8 ) to validate the idea and then measured by an Agilent N9918A vector network analyzer. Measured and simulated S11 are shown in Fig. 9(a) . The measured overlap impedance bandwidth VOLUME 7, 2019 (S11< -10 dB) is 1 GHz, about 17.5% from 5.2 to 6.2 GHz. A little variation between measured and simulated results probably comes from fabrication tolerances and measurement system error. Fig. 9(b) shows the measured and simulated realized gains and axial ratios in the broadside direction for ON state, where Fig. 9(c) shows the measured and simulated realized gains and axial ratios in the broadside direction for OFF state. Measured results show that the average gains at broadside are 6.2 dBi and 7.1 dBi, indicating a slight gain reduction, for ON and OFF states, respectively. The 3 dB ARbandwidth for OFF state is about 15.1%, from 5.5 GHz to 6.4 GHz. Fig. 10 shows the measured and simulated normalized radiation patterns at 5.5 GHz, respectively, for ON and OFF states. It can be seen that the measured and simulated patterns match well for both states. Table 2 presents a comparison among the proposed antenna and the designs in the references. Comparing with the antennas reported in [7] - [9] , it can be noted that the feeding network of the proposed antenna is much simpler, the overlapped bandwidth (−10dB impedance bandwidth and 3 dB axial ratio bandwidth) is wide and the realized gain is high with respect to the antenna aperture.
V. CONCLUSION
A polarization reconfigurable MS superstrate antenna with a simple DC controlling circuit is put forward and studied. The polarization state of the proposed antenna can be electrically reconfigured between LP at PIN switches ON state and LHCP at PIN switches OFF state, respectively. The measured reflection coefficients, broadside realized gain, axial ratio, and normalized radiation patterns are presented. Measured results indicate that the overlap −10dB impedance bandwidth at different states of the proposed antenna is 17.5% from 5.2 to 6.2 GHz, and the gain difference is about 1 dB. The simulated and measured results are in good agreement, which verifies the design.
